The advent of immune checkpoint inhibition represents a paradigm shift in the treatment of an increasing number of cancers. However, the incredible therapeutic promise of immunotherapy brings with it the need to understand and manage its diverse array of potential adverse events. The skin is the most common site of immune-related adverse vents (irAEs), which can present with a wide variety of disparate morphologies and severities. These toxicities can endanger patient health and the ability to continue on therapy. This review summarizes our current understanding of the presentation and management of the most common and clinically significant cutaneous irAEs associated with immune checkpoint inhibitor (ICI) therapy. Effective management of these cutaneous irAEs requires an understanding of their morphology, their appropriate clinical characterization, and their potential prognostic significance. Their treatment is additionally complicated by the desire to minimize compromise of the patient's anti-neoplastic regimen and emphasizes the use of non-immunosuppressive interventions whenever possible. However, though cutaneous irAEs represent a challenge to both oncologist and dermatologist alike, they offer a unique glimpse into the mechanisms that underlie not only carcinogenesis, but many primary dermatoses, and may provide clues to the treatment of disease even beyond cancer.
INTRODUCTION
Immune checkpoint inhibitor (ICI) therapy represents a paradigm shift in immunotherapeutics that has revolutionized the management of cancer patients. Numerous types of cancer, many of which had only minimally effective preexisting therapies, have shown impressive response to immune checkpoint inhibitors (ICIs), and their indications for use continue to expand. However, these powerful medications carry with them the risk for varied and potentially severe toxicities within multiple organ systems. These toxicities have led to the need for specialized and multidisciplinary management of oncologic patients receiving ICIs. The role of the dermatologist is central in this setting, as cutaneous irAEs are among the most frequently encountered and prompt diagnosis and management can profoundly impact a patient's treatment course. Further, cutaneous irAEs provide fundamental insight into the anti-tumoral response and immunopathogenesis of many prevalent dermatologic conditions.
BIOLOGY OF IMMUNE CHECKPOINT INHIBITION
The immune system is capable of recognizing tumor cells as non-self and mounting an appropriate response, but often this effort is confounded by immune downregulation, which can occur at many different points in the immune cascade [1] . Immune checkpoint therapy affects the anti-tumor immune response at the level of T cell activation by antigen presenting cells (APCs). APCs load protein fragments onto major histocompatibility complexes (MHCs), which are expressed on the APC surface and interact with uniquely compatible T cell receptors [1] . The resulting activation of the target T cell is mediated by costimulatory interactions between other proteins on the surface of the APC and T cells. One such key costimulatory interaction occurs between the CD28 protein on T cells and the B7 family of proteins on APCs. The CTLA-4 protein is also expressed on T cells, and competes with CD28 for binding to B7 [1] . It is thus a competitive inhibitor of T cell activation. Pharmacologic CTLA-4 inhibition increases binding of CD28 to B7 and thereby promotes T cell activation.
T cells also express the Programmed Death 1 receptor (PD-1), which is activated by PD ligands 1 and 2 (PD-L1 and PD-L2) to decrease T cell activation by inhibiting proliferation, decreasing cytokine production, and promoting apoptosis [1] . Notably, PD-L1 is expressed by somatic cells in peripheral tissue beds, and can also be upregulated by cancer cells [2] . Thus, while CTLA-4 inhibition functions at the level of initial T cell antigen activation, PD-1 axis inhibition stimulates T cell function downstream at sites of immune activity.
ICIs are medications that act at the level of T cell costimulation to increase immune activation, with the goal of promoting an anti-tumor immune response. All ICIs are monoclonal antibodies. Ipilimumab is the lone FDA-approved inhibitor of CTLA-4 [3] ; a more recently developed antibody, tremelimumab, is under investigation in clinical trials but is not FDA-approved at this time. In contrast, there is a growing array of FDAapproved inhibitors of the PD-1 axis. Nivolumab and pembrolizumab, both PD-1 receptor antagonists, are the oldest and best studied of these. Combination CTLA-4 and PD-1 axis inhibition has been shown to be more effective than monotherapy in the treatment of metastatic melanoma; however, combination therapy may be substantially more toxic, and so careful patient selection is important [4] .
Though immunotherapy was pioneered in melanoma, and ipilimumab is still predominantly used in the treatment of melanoma, inhibition of the PD-1 axis has found broader application in the treatment of a wide variety of cancers. Nivolumab and pembrolizumab are both approved for the treatment of non-small cell lung cancer and a range of other solid organ and hematologic malignancies [5, 6] . Cemiplimab is a more recently developed PD-1 inhibitor that is approved specifically for metastatic or unresectable squamous cell carcinoma [7] . In addition, atezolizumab, avelumab, and durvalumab are PD-L1 inhibitors, which are approved for the treatment of several tumor types including small and non-small cell lung carcinoma, urothelial carcinoma, and Merkel cell carcinoma [8] [9] [10] . The names of FDA-approved ICIs, their targets, and their indications are summarized in Table 1 . There are mounting case series and clinical trials supporting the use of ICIs in other cancer types and at earlier stages.
IMMUNE-RELATED ADVERSE EVENTS
ICIs cause widespread and relatively nonspecific activation of patient T cells, and so it is unsurprising that their use is associated with a number of deleterious phenomena, collectively termed immune-related adverse events (irAEs). The management of irAEs is complex and benefits from a multidisciplinary specialist approach. It is important that clinicians are aware of the spectrum of potential immune-related complications that may arise, which are outlined in Table 2 [11] .
Adverse events are assigned grades based on the degree of severity and associated morbidity. The Common Terminology Criteria for Adverse Events (CTCAE) extensively defines the parameters of these grades for each affected organ system and for each class of reaction type. In general, Grade 1 reactions are asymptomatic, Grade 2 reactions have minor effect on patient quality of life and generally respond to conservative measures, Grade 3 reactions significantly affect a patient's functionality and may require more aggressive treatment, Grade 4 reactions are potentially life-threatening and require hospitalization, and Grade 5 is reserved for adverse events resulting in patient death [11] . Familiarity with the CTCAE grading system is important in communicating with a patient's oncology team, as higher grade events are more likely to result in interruption or permanent discontinuation of immunotherapy.
CUTANEOUS irAEs
Dermatologic toxicities are among the most common complications of ICI therapy [12, 13] . Many cutaneous irAEs present similarly to primary dermatoses and may share properties with autoimmune skin disorders [12, 14, 15] . This report will highlight common, uncommon, and rare cutaneous irAEs, and emphasize how they fit into the overall treatment of patients receiving ICIs.
COMMON CUTANEOUS irAEs
Cutaneous adverse events may occur in up to 30 to 50% of patients on ICIs [13, 14] . These include pruritus, exanthems, vitiligo, and lichenoid reactions. Fortunately, these cutaneous irAEs are typically mild, and can usually be treated without interruption of immunotherapy.
Pruritus, or itch, in the absence of rash occurs in 11 to 18% of patients treated with PD-1 inhibitors and up to 30% of patients treated with anti-CTLA-4 be helpful. Only severe and debilitating cases require interruption of immunotherapy and systemic steroids [20] . Morbilliform exanthems occur in about one quarter of patients receiving ipilimumab or combination ICI therapy, and about 15% of patients treated with anti-PD-1 monotherapy [15, [17] [18] [19] [20] . These exanthems typically present during the first few weeks of treatment and manifest as blanchable pink coalescent macules and papules that typically spare the face and palmoplantar surfaces and are generally pruritic (Figure 1) . The presentation is similar to that of a morbilliform drug eruption to antibiotics. While most exanthems are usually low grade, self-limited or respond to topical steroids, or dual checkpoint inhibition [16] [17] [18] . It is defined as the presence of pruritus without primary dermatologic findings, though secondary findings such as excoriations and lichenification may be present [16] . Importantly, pruritus may accompany cutaneous irAEs as well. It is important to consider prodromal bullous pemphigoid in the evaluation of intense and refractory pruritus, which will be discussed below. Patients are generally managed with topical anti-pruritics such as camphor-menthol, topical steroids, anti-histamines, and occasionally other anti-pruritic drugs such as gabapentin or pregabalin, mu-opioid antagonists such as naloxone and naltrexone, and the neurokinin-1 receptor antagonist aprepitant [18] [19] [20] . Phototherapy with narrowband ultraviolet B may Other papulosquamous reactions with overlapping features may occur, such as psoriasis as well as eczematous reactions. Treatment for these rashes is usually with topical steroids and anti-pruritic drugs, while more severe presentations may require systemic steroids, phototherapy, or other systemic agents such as acitretin, methotrexate, apremilast, or hydroxychloroquine [18] [19] [20] [30] [31] [32] . Biologic medications approved for psoriasis such as TNF-a, IL-17, and IL-12 and IL-23 inhibitors have historically been avoided due to concerns of immune inhibition and they have not been well studied in oncologic patients, but may be considered in severe and recalcitrant cases. Fortunately, most patients with these rashes are able to remain on immunotherapy [20] .
UNCOMMON AND SEVERE CUTANEOUS irAEs
There are several uncommon and potentially lifethreatening dermatologic irAEs that may arise from ICI therapy and must be carefully considered when evaluating patients with severe presentations. One study at our institution suggested that 25% of patients with rashes during ICIs ultimately experience temporary or permanent discontinuation of immunotherapy, and the following eruptions are most likely to disturb ICI therapy [20] .
Immunobullous eruptions, usually mimicking patients should be observed for progression to a higher grade reaction such as drug reaction with eosinophilia and systemic symptoms (DRESS, discussed later), which may require interruption of immunotherapy and management with systemic steroids [20] . Vitiligo-like depigmentation is a common cutaneous irAE that may be seen in up to a quarter of patients treated for melanoma, and rarely in patients with other malignancies [15, [21] [22] [23] [24] . Depigmentation typically first presents several months into therapy, and may be preceded by an inflammatory phase [15, 25] . The distribution is often symmetric and photodistributed (Figure 2 ), distinguishing it from the periorificial and acral presentation of classical vitiligo [25] . Coincident poliosis of scalp, eyebrow, eyelash, and body hair may occur. Treatment is not necessary, but topical steroids or calcineurin inhibitors and phototherapy may be attempted.
Lichenoid dermatitis is the most well-characterized cutaneous irAE in patients receiving anti-PD-1 or anti-PD-L1 therapy, and occurs less commonly in CTLA-4 inhibition [15, 26] . It affects approximately one-fifth of patients receiving anti-PD-1 therapy, and can develop at any time from weeks to several months after treatment initiation [18, 27] . This classically presents as pruritic, polygonal, pink-violaceous papules with an overlying white network of scale ( Figure 3) ; however, a wide variety of morphologies have been reported including hypertrophic, palmoplantar, and mucosal lesions [27] . of being minimally immunosuppressive.
In addition to BP, severe cutaneous adverse reactions (SCARs) can occur in ICI therapy, but are fortunately rare. Acute Generalized Exanthematous Pustulosis (AGEP) presents acutely with the development of erythematous and edematous plaques covered in monomorphic pustules, as well as protracted fever and often facial edema and mucous membrane involvement [12] . AGEP is fortunately a self-resolving condition; however, care must be taken to distinguish it from other dermatoses with which it may share overlapping features. The presence of tiny pustules and surrounding exanthem helps distinguish AGEP from pustular psoriasis.
Drug Reaction with Eosinophilia and Systemic Symptoms (DRESS) or drug-induced hypersensitivity syndrome (DIHS) presents initially with an extensive morbilliform rash that may initially resemble a simple morbilliform exanthem. However, the exanthem of DRESS may become indurated or purpuric, and is accompanied by other symptoms such as fever, facial edema, or lymphadenopathy, as well as laboratory evidence of eosinophilia and end-organ dysfunction [39] [40] [41] . The RegiScar scoring system is based on the presence of suggestive signs and studies, and is often helpful in assessing the likelihood of DRESS in a patient with a morbilliform-appearing exanthem [42] . Once identified, DRESS is treated with permanent ICI discontinuation and an extended prednisone taper, along with studies bullous pemphigoid (BP), occurs in approximately 1% of patients receiving PD-1 or PD-L1 inhibitors [18, 28, 29] . It can also appear in the context of sequential treatment with PD-1 and CTLA-4 inhibitors, but is not typically associated with ipilimumab monotherapy [30, 31] . Most immunobullous reactions present with tense bullae overlying edematous pink urticarial plaques (Figure 4) , and mucosal involvement may occur. Prodromal BPthat is, early BP that has not progressed to bulla formation -may be a cause of intractable pruritus in patients on immunotherapy. Diagnosis is made from skin biopsy and direct immunofluorescence which often demonstrates IgG and C3 deposits along the dermoepidermal junction, and positive BP180 autoantibody on ELISA [28, 29] . In addition to BP, other immunobullous irAEs are much more rarely reported, including pemphigus vulgaris, lichen planus pemphigoides, erythema multiforme, and dermatitis herpetiformis [32] [33] [34] [35] . Though conservative topical management or doxycycline/niacinamide is sometimes possible for mild presentations, most cases requires treatment interruption and initiation of systemic steroids due to the severity of the rash and impact on patient's quality of life [34] . ICI-induced BP may persist after drug withdrawal [15, 29] . For refractory cases, rituximab may be used, and there is early data suggesting that this monoclonal antibody to CD20 on B cells may not interfere with the antitumoral activity of ICIs [36, 37] . In addition, for bullous eruptions with high IgE levels, omalizumab may be effective [38] , and has the advantage [15]. In addition, alopecia areata may develop which can progress to alopecia totalis [15] .
THE ROLE OF THE DERMATOLOGIST
Given the frequency and morbidity of cutaneous irAEs, dermatologists can play a crucial role in multidisciplinary care of patients with cancer. The field of "Supportive Oncodermatology" has emerged to address the important need for specialized dermatologic care in cancer patients. Importantly, timely assessment of patients with an acute rash is needed, and this is facilitated by oncodermatology programs associated with cancer centers or oncology practices, where dermatologists who specialize in the management of toxicities to cancer drugs have close communication channels with oncologists.
Fortunately, consensus guidelines and the CTCAE report on irAEs exist that provide recommendations for the management of irAEs based on grade. Oncologists generally manage low grade presentations without the need for consultation. Patients with significant cutaneous irAE should be promptly referred to a dermatologist for diagnosis and management, as recalcitrant and severe cases often pose a therapeutic challenge [20] .
Dermatologists may provide an accurate and timely diagnosis of a cutaneous irAE, assess its severity, and communicate a treatment plan with the oncology team. Documentation of the appropriate CTCAE grade is a useful tool to communicate reaction severity to oncologists. Dermatologists may also offer targeted approaches for the specific rash and avoid the unnecessary use of systemic steroids for a familiar rash.
The impact of systemic steroids on survival in patients receiving ICIs is controversial, and a matter of ongoing research. Although there is some suggestion that patients who receive steroids have comparable clinical courses [47] , other studies suggest that high dose steroids blunt the efficacy of ICI therapy and lead to worse outcomes [48, 49] . While the use of systemic steroids is appropriate in the treatment of severely morbid or life threatening toxicities, it is incumbent upon dermatologists to advocate against their use for less severe conditions that may be better addressed by other modalities. The role of the supportive oncodermatologist is therefore one of diagnosis and finesse, to minimize morbidity, optimize both dermatologic and antineoplastic therapy, and to provide a specialized perspective on the prognosis of these cutaneous reactions.
WHAT CUTANEOUS irAEs TELL US ABOUT CANCER RESPONSE AND DERMATOLOGIC CONDITIONS
Interestingly, dermatologic irAEs provide us with a to assess for long-term end organ dysfunction. Of note, uncommonly patients may present with overlapping features of both DRESS and AGEP.
Patients treated with ICIs can develop classic StevensJohnson Syndrome/Toxic Epidermal Necrolysis (SJS/ TEN), in which dusky patches on the skin and mucous membranes rapidly progress to full thickness epidermal necrosis and sloughing. Alternatively, ICI-induced SJS/ TEN-like reactions can present with an atypical, slowly evolving presentation, and can arise in the context of other morphologic presentations such as exanthems or severe lichenoid toxicity ( Figure 5) , requiring a high level of suspicion and close monitoring [43] [44] [45] . SJS/ TEN is potentially fatal and treatment discontinuation is mandatory. The mainstay of management is intense supportive care with skilled auxiliary service support and appropriate specialist evaluation. Medical therapy with prednisone, intravenous immunoglobulin, cyclosporine, and biologic TNF-alpha inhibitors may be employed to decrease morbidity and mortality [39, 46] .
OTHER RARE CUTANEOUS irAEs
ICI therapy causes a wide variety of eruptions even beyond those described above. Neutrophilic dermatoses such as Sweet's syndrome have been rarely reported with both anti-CTLA-4 and -PD-1 therapy, as have granulomatous reactions including granuloma annulare and sarcoidosis [15] . ICI therapy has also been associated with papulopustular and rosaceiform eruptions, cutaneous lymphoproliferative disorders, autoimmune connective tissue disorders such as lupus, dermatomyositis, and eosinophilic fasciitis, and several kinds of vasculitis an important opportunity both to provide meaningful benefit to patient care and to advance our fundamental understanding of oncology and dermatology. window into the mechanism by which ICIs treat cancer, help prognosticate response to therapy, and allow us to better understand the primary dermatoses that develop from immune up-regulation during ICI therapy.
Cutaneous irAEs are generally thought to be due to ICI-mediated overactivation of the immune system, which is the same mechanism by which these therapies exert their anti-tumor effect. Interestingly, the development of certain cutaneous irAEs may be a positive prognostic indicator for the treatment of the underlying malignancy. This is most well established with ICI-induced vitiligolike depigmentation during the treatment of melanoma, which is strongly correlated with improved progressionfree and overall survival [50] . Similarly, other cutaneous reactions such as morbilliform exanthems, lichenoid and eczematous presentations, and immunobullous disease may also be associated with improved prognosis, though the links are not as robustly established [24, 28, 51] . Further studies are needed to compare the prognostic value of the diverse rash types, and help stratify which patients are at greatest risk for the development of particular irAEs.
One striking quality of cutaneous irAEs is that they recapitulate an incredibly broad range of primary dermatoses. Though many dermatologic diseases are fundamentally caused by misdirected immune response or autoimmunity, the specific nature of that immune response differs by disease. It is therefore surprising that a medication that was designed to activate T cells can cause conditions as disparate as psoriasis, sarcoidosis, and bullous pemphigoid. This argues for a role for T cells in the pathogenesis of all of these diseases, and provides an avenue through which to explore the exact mechanisms underlying their etiology. It is further interesting to note that the CTLA-4 and PD-1 axis inhibitors, which work at different stages of T cell activation, result in a different array of irAEs, suggesting a mechanistic distinction between the pathways downstream of each level of activation. Though cutaneous irAEs are a substantial source of morbidity, they provide an unprecedented opportunity to understand not just the biology of cancer, but that of some of the fundamental diseases of dermatology.
CONCLUSION
Immune checkpoint inhibition carries enormous potential for the treatment of numerous cancers, but this promise is balanced by an increased need for specialist management of the many toxicities that are immunerelated and that may impact patient quality of life and even disrupt cancer therapy in severe instances. The skin is the most common site for irAEs, and skilled dermatologic care can radically alter the course of therapy. Treatment of patients with toxicities to cancer drugs represents
